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Dynamic and static response of pile groups 

Réponses dynamique et statique des groupes de pieux

M.NOVAK, The University of Western Ontario, London, Ontario, Canada 

M.JANES, The University of Western Ontario, London, Ontario, Canada

SYNOPSIS: Pesponse of pile groups to static and dynamic loads is affected by pile-soil-pile inter
action. Group response under small displacements is treated using static and dynamic interaction 
factors. Closed form expressions for group stiffness and damping are presented and the differences 
between static and dynamic interaction are demonstrated. Group response under large displacements 
is far less understood. Field experiments conducted on a pile group exposed to large horizontal 
static loads are described. The goal is to investigate pile group behaviour under large displace
ments with the emphasis on the variation of pile interaction factors and group stiffness with in
creasing displacement magnitude.

1 INTRODUCTION

Theory suggests and experiments confirm that 
piles in a group interact with each other in
creasing group settlement, redistributing the 
loads on individual piles and, under dynamic 
loads, modifying dynamic stiffness and damping. 
Dynamic pile-soil-pile interaction is particu
larly difficult to account for because its ef
fects are complex and strongly frequency depen
dent. In this paper, an effective method is 
presented for dynamic analysis of pile groups 
and the technique is demonstrated on examples 
involving machine foundations and offshore 
towers.
The theoretical analysis is based on the use 

of dynamic interaction factors. The interaction 
factor approach is suitable for small displace
ments because it relies on the application of 
the superposition principle. For large dis
placements no method for group effect evaluation 
is readily available and experimental data are 
only beginning to emerge, mostly for static 
loads. Results of field experiments conducted 
with static, horizontal loads are described to
gether with some observations made on interac
tion factors.

is an extension of the well-known concept of 
static interaction factors and was proposed by 
Kaynia and Kausel (1980) . The approach presumes 
the knowledge of static and dynamic stiffness 
(or flexibility) of a single pile and dynamic 
interaction factors, j.

Dynamic interaction is defined for two identi
cal, equally loaded piles, i and j, as

dynamic displacement of pile i due to
_ load on pile j___________

ij static displacement of pile j due to 
its own load

The dynamic load is harmonic. The interaction 
factors are complex, frequency dependent and for 
a range of parameters are available in the form 
of charts in Kaynia and Kausel (1980) or for 
piles with separation, (i.e. a free length above 
the ground) in Mitwally and Novak (1987).
Consider a group of identical, vertical piles 

with dimensions n x n connected by a rigid cap. 
Establish the group dynamic vertical stiffness 
using dynamic interaction factors.

The compatibility equations can be expressed 
in terms of flexibility as

2 SMALL DISPLACEMENTS

For small displacements, the theories for pile 
group analysis can be based on continuum mecha
nics and are found to hold quite well. When the 
loads are static, the group can be analyzed 
either directly (El Sharnouby and Novak 1985) or 
by means of interaction factors for which a mass 
of data is available (e.g. Poulos and Davis 1980 
or El Sharnouby and Novak 1986). Static group 
effects are well understood. Dynamic group ef
fects are less appreciated and are, therefore, 
discussed in the next paragraph.

2.1 Group analysis using dynamic interaction 
factors

The appl i cat i on of  dynami c i nt er act i on f act or s

fv [cl] v {P} = {v} (1)

where fv is the static vertical flexibility of a 
single pile, {P> and {v} are the vectors of ver
tical forces and vertical displacements at the 
pile heads, respectively, and [a]v is the inter
action matrix of the vertical displacements.
This matrix is assembled by means of the dynamic 
interaction factors in the form

f ' ..V ’ali ’* * aln

.  f ' . .. a •ll V in

*nl-“* ani *. . f 'V
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f' = f /f V V V

I n (2) t he r at i o

in which fv = complex vertical dynamic flexibi
lity of a single pile, fv = its static flexibi
lity and â .; = dynamic vertical interaction fac
tors between piles i and j. For a rigid cap, 
the boundary conditions are v^ = 1 for i=l,2.... 
Their application to Eq. 1 yields the forces on 
individual piles, listed as components of the 
vector {P}, i.e.

(P) = —  [a]-1 {1} (4)
f v

2.2 Examples of dynamic pile interaction

2.2.1 Machine foundation

Shown in Figure 1 is the response to harmonic 
excitation of a large compressor foundation 11.7 
m long, supported by ten composite piles. The 
response components plotted are rotations about 
the three Cartesian axes with X being the longi
tudinal axis and Z the vertical one. The res
ponse was calculated considering dynamic pile 
interaction and foundation embedment using the 
code DYNA2. It can be seen that individual re
sonance regions occur at very different frequen
cies and that the response in different modes is 
affected by embedment to different degrees with 
the twisting about the vertical axis affected 
most.

Denoting the static stiffness of a single pile 
= l/fv and the complex elements of [a]--'- by

ID 
comes

P. = k 
i v

the vertical force P^ acting on pile i be-

n 
I  

j = l
eY . 
13

(5)

(For the sake of dimensions, the values of in 
Eq. 5 are to be seen as multiplied by unit dis
placements.) The group complex stiffness is the 
sum of all the vertical forces, and hence is

ÏP. = k l v
i-1 j=l

V
Eij

(6)

The summation in Eq. 5 involves one line of the

matrix [a]v ;̂ the double summation in Eq. 6 in
volves all the matrix elements. From the com
plex group stiffness the real stiffness, k, and 
the constant of equivalent viscous damping, c, 
follow as

2.2.2 Offshore towers

In pile foundations of offshore drilling plat
forms, static pile interaction is sometimes con
sidered but dynamic interaction is usually neg
lected. Figure 2 illustrates how group dynamic 
stiffness and damping of a typical offshore pile 
cluster can vary with dimensionless frequency 
A0 = ud/Vs where d = pile diameter. For verti
cal and horizontal directions, these variations 
are shown in terms of group efficiency ratios 
(GER) which is group stiffness or damping eva
luated considering dynamic pile interaction nor
malized by those values evaluated ignoring pile 
interaction. GER equal to unity indicates no 
interaction effect. Both stiffness and damping 
can be seen to vary quite strongly with fre
quency with group stiffness dramatically reduced 
by interaction (GER < 1) and the vertical damp
ing dramatically increased (GER > 1), particu
larly for higher dimensionless frequencies.
The opposing trends observed in the pile group 

stiffness and damping exert corresponding in
fluence on the response of the whole tower to 
dynamic loading. This is illustrated by Fig. 3

k = Re K c = Im K /u 
v

(7)

and the complex group stiffness can be written 
in the standard form, i.e.

K = k + i uc 
v

(8)

where w is circular frequency of vibration. Eq.
6 also holds for group horizontal stiffness of 
both pinned-head and fixed-head piles if hori
zontal static and dynamic stiffnesses and hori
zontal interaction factors are substituted. 
Similar closed form formulae can be derived for 
the other vibration modes such as rocking or tor
sion. These formulae are given in Novak and 
Mitwally (1987). All the formulae for group 
stiffness, such as Eq. 6, and forces on indivi
dual piles, such as Eq. 5, hold for static load
ing also, the only change being that all the 
items involved are static, i.e. real and inde
pendent of frequency. The evaluation of dynamic 
interaction using Eq. 6 becomes tedious for a 
broad range of frequencies or a large group. To 
facilitate such evaluations, the dynamic inter
action approach was incorporated in the code 
DYNA2 (Novak et al. 1988). Fi gur e 1.  Response of  compr essor  f oundat i on
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Figure 2. Stiffness and damping of cluster 
large piles vs. frequency.

of

ICT
«/>

,  <NJ
IO3 E 

E

10

I0'

2 t

10

- 10

P S

0
1

10

3 PILE GROUP BEHAVIOUR UNDER LARGE DISPLACEMENTS

To contribute to the limited information avail
able on the behaviour of pile groups under large 
displacements, a set of four static lateral load 
tests extended into the non-linear range was 
conducted on a group of six closely spaced piles 
in the field. The piles were closed ended, 101 
mm diameter, 3.05 m long steel pipe piles with a 
wall thickness of 6.35 mm. The group was ar
ranged in the form of a cross to achieve various 
interaction angles and spacings, i.e. 3 and 4 
pile diameters, respectively. The piles were 
pressed and driven into a layered non-cohesive 
soil stratum consisting of silty fine sands with 
a gravel seam. The water table was at or below 
the pile tips, perched on a dense silty clay 
till. Grain size distribution, water content 
and in situ shear wave velocity analysis were 
conducted on site soils. A complete description 
of test procedures and results is given in Janes 
and Novak (1988).
A total of four pile tests were conducted upon 

the pile group: three individual pile tests and 
one group rigid cap test. All tests were con
ducted to peak displacements well into the range 
of non-linear response, then slowly released and 
reloaded to study the effects of hysteresis.

The result of a typical lateral load test upon 
a single pile is shown in Fig. 4. The figure 
shows the load/displacement response (p-y curve) 
along with the normalized deflection of an adja
cent pile (interaction factor a). The p-y curve 
and the interaction curve can be divided into 
three sections. A very brief, small displace
ment, elastic section extending to a displace
ment, 6, of about 0.5 mm or 0.005 pile diameters 
occurs. The elastic section is followed by a 
parabolic transition section from 0.005 6/d to
0.035 6/d. In this section, the effects of non
linear soil behaviour show in the form of a vary
ing tangential stiffness. The final section of 
the p-y curve indicates a linear growth with a 
constant tangential stiffness lower than the 
tangential stiffness in the preceding stages.

Figure 3. Power spectrum of horizontal response 
of pile supported rigid offshore tower to random 
wave forces; calculated considering dynamic pile 
interaction and neglecting it.

showing the horizontal response of a rigid off
shore tower of the jacket type, supported by ten 
large piles, to random wave forces generated in 
fully developed seas by moderate winds with mean 
velocity U = 22 m/s. (More details on this res
ponse are given in Novak and Mitwally 1987) .
The response is concentrated in two frequency 
regions: the quasi-static low frequency region 
centred around the peak in the wave spectrum and 
the resonance region centred around the tower 
fundamental frequency, In the quasi-static
region the response is increased due to pile- 
soil-pile interaction because group flexibility 
is increased; in the resonance region the res
ponse is markedly reduced because the group 
damping is increased. The relationship between 
the two parts of the response varies with the 
wind speed, i.e. with the sea state.

o 2

Figure 4. Lateral load and interaction factor 
vs. pile deflection.
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On the reloading curve, not shown, significant 
hysteresis is present and the reload curve is 
flatter and parallel to the last section of the 
initial loading curve. This suggests that fai
lure of the upper soil layers around the loaded 
pile has occurred. Also, gaps behind the loaded 
piles of up to 6 nun were observed.
The normalized deflection (interaction factor

a) curve plotted in Fig. 4 shows trends consis
tent with the p-y curve. An initial linear 
elastic section is present up to a displacement 
of 0.005 6/d. The data show some scatter above 
the horizontal drawn at a = 0.365, which corre
sponds to the prediction by El Sharnouby and 
Novak (1985). The scatter is small and the 
elastic interaction factor predicted is assumed 
to be reasonably accurate. This is followed by 
a parabolic reduction in interaction factor bet
ween 0.005 6/d and 0.035 6/d. In the final 
region of 6/d > 0.035, the interaction factor 
varies only modestly asymptotically approaching 
a constant value. Thus, both curves display 
consistent behaviour. Although the magnitudes 
found in this study may be applicable only to 
the soils encountered, it is believed the trends 
observed will be common for all laterally loaded 
pile groups.

Figure 5 shows interaction factors for several 
spacing to diameter ratios. S/d, and incidence 
angles, 8» of 0° and 180°. The curves fitted to 
the experimental data include the constant elas
tic interaction factor predicted by theory. A 
reduction in interaction factors with increasing 
deflection is evident for all spacings and all 
incidence angles. However, for equal S/d ratios 
but different 8 angles of 0° and 180°, the re
duction in the interaction factors varies dras
tically. The experiments showed that the inter
action factors for the trailing configuration 
(8=180°) are consistently lower than those for 
the leading configurations (8=0°).

Figure 5 displays the initial loading inter
action factors and the reloading interaction 
factor for one pile. The reloading curve exhi
bits reduced interaction at small displacements 
but gradually increases to meet the lowest values 
exhibited by the initial loading interaction 
curve.

Fi gur e 5.  I nt er act i on f act or s vs pi l e def l ect i on.

Pile group behaviour was examined in detail. 
Group elastic stiffness and secant yield stiff
ness (at displacement 0.035 6/d) was established. 
The measured group efficiency ratio (GER) is 
higher in the non-linear range than in the linear 
one. The measured data were compared with the 
values calculated using computer programs deve
loped at The University of Western Ontario (El 
Sharnouby and Novak 1985; Novak et al. 1988 de
noted PILAY and DYNA). The PILAY/DYNA codes in
corporate a weak zone around the pile to accom
modate non-linearity. For the elastic response 
both codes used the actual soil profile to ac
hieve good results. For the non-linear predic
tion, the El Sharnouby-Novak code required a free 
(separation) length of e/d=3.0, where e=free 
length above ground, to reasonably predict pile 
group behaviour. However, this solution may re
sult in artificially high bending moments in the 
piles. The PILAY/DYNA code used a weak zone 
around the upper one third of the pile. This 
method is preferred as it results in lower pile 
bending moments.

4 CONCLUSIONS

Dynamic pile-soil-pile interaction may signifi
cantly reduce the stiffness of the group, in
crease its damping and affect the response to 
loads.

Interaction factors are substantially reduced 
with increasing deflection and depend on spacing 
as well as configuration. Under large displace
ments the pile group tested indicated increased 
group efficiency.
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